Liver X receptor (LXR) ␤ regulates cholesterol levels in the brain and is essential for maintenance of motor neurons in the spinal cord and dopaminergic neurons in the substantia nigra. Here, we have examined the expression pattern of LXR␤ protein in the cerebral cortex and looked for defects in cortical development in LXR␤ knockout (LXR␤ ؊/؊ ) mice. LXR␤ protein was widely expressed in the mouse brain at later embryonic stages, and the expression pattern in the cerebral cortex was developmentally regulated. In normal postnatal mice, LXR␤ was localized mainly in the upper layers of the cerebral cortex. In LXR␤ ؊/؊ mice layers II and III were thinner with fewer neurons. Layer I was slightly thicker, whereas layers IV-VI were essentially normal. Consistent with this finding, Brn2 and NeuN expression were decreased in the upper layers in the LXR␤ ؊/؊ neonatal cortex. The number of S-phase progenitor cells in the cortex between embryonic day (E) 12.5 to E16.5, was similar in WT and LXR␤ ؊/؊ littermates but BrdU birth dating revealed that late-generated neurons labeled by BrdU injections administered at E14.5 or E16.5, and destined to cortical layers II/III, were disorganized and failed to migrate. The defect in migration appears to be caused by a reduction in the number of vertical processes emanating from the radial glia. These processes are the architectural guides for later-born migrating neurons. Taken together, these findings suggest that LXR␤ expression in the cerebral cortex is involved in cortex lamination and is essential for the migration of late-generated neocortical neurons.
T
he liver X receptors (LXR␣ and LXR␤) are members of the nuclear receptor supergene family of ligand-activated transcription factors (1, 2) . LXR␣ and LXR␤ share Ϸ77% amino acid sequence identity in both DNA-and ligand-binding domains and appear to bind ligands with similar affinities (3) . Their endogenous ligands are oxysterols (4) . LXR␣ and LXR␤ control cholesterol metabolism and lipoprotein remodeling at both cellular and whole-body levels (5) (6) (7) (8) . Studies on LXR␣ and LXR␤ knockout mice have revealed that LXR␣ plays an important role in cholesterol homeostasis, whereas LXR␤ has key functions in the immune system and CNS (9) (10) (11) (12) . When both LXRs are inactivated (LXR␣␤ Ϫ/Ϫ mice), several severe abnormalities have been observed in the brain, including accumulation of lipid droplets in ependymal cells lining the ventricles, neuronal loss, and astrocyte proliferation, particularly in the substantia nigra and globus pallidus (12) . In contrast, by 6 months of age, in LXR␤ Ϫ/Ϫ mice, there is motor dysfunction that progresses with age into hind limb paralysis (13) . Part of the reason for the motor problems in these mice is activation of microglia in the substantia nigra pars reticulata and degeneration of dopaminergic neurons in the substantia nigra (14) .
There is mounting evidence that many members of the nuclear receptor superfamily are essential for the precise spatial and temporal patterns of gene expression that are crucial for brain development (15) . In zebrafish, the temporal expression pattern of LXR also suggests its function in the liver and CNS during development (16) . In the rat and mouse, LXR␤ mRNA has been reported to be widely expressed in the fetal brain (17, 18) , indicating a function in brain development. However, because little information is available about the expression pattern of LXR␤ protein, it remains unclear which, if any, neuronal populations are influenced by LXR␤ during brain development.
In the present study, using a specific LXR␤ antibody, we found that LXR␤ protein was highly expressed in the mouse fetal brain at later embryonic stages. Clear developmental changes were evident in the cerebral cortex.
It is well known that mammalian cerebral corticogenesis involves layering of neurons in an ''inside-out'' manner, with the earliest-generated neurons positioned in the deepest layers and later-generated neurons migrating beyond previously established layers to settle at progressively more superficial levels (19) (20) (21) (22) . This inside-out gradient of migration is critical not only for cortical structure but also for establishment of correct neural connections.
Using LXR␤ Ϫ/Ϫ mice, we provide in vivo evidence that LXR␤ plays important roles in the cerebral cortex development. Loss of LXR␤ resulted in a smaller brain because of a reduction of the number of neurons in the superficial cortical layers. Other layers were not affected. Neuron type-specific markers confirmed this defect in the superficial layers. The reason for the defect is the inability of late-born neurons to migrate to the superficial layers, which appears to be caused by abnormalities in the vertical processes of radial glial cells along which the migrating neurons travel. Taken together, our data indicate that LXR␤ protein is involved in cortex lamination and is essential for the radial migration of late-generated neocortical neurons.
Results

LXR␤ Expression in Cerebral Cortex Is Developmentally Regulated.
LXR␤ expression appeared in the embryonic brain as early as embryonic day (E) 14.5 and at this time, some LXR␤-positive cells were specifically localized in the cortex plate (CP) (Fig. 1A) . At E16.5, LXR␤ expression in the cortex increased significantly. Most of the LXR␤-positive neurons occupied the CP, with a few positive cells in the marginal zone (MZ) and subplate (SP) (Fig.  1B) . At E17.5 and E18.5, when late-generated neurons reach their destinations in upper layers, strong LXR␤ expression was mainly in upper cortical layers, and some positive cells were observed in MZ and SP (Fig. 1C) . On the first day of postnatal life (P0), LXR␤ was localized mainly in the MZ and upper layers of the CP, with a few positive cells scattered in deep layers (Fig.  1D ). At P9, neurons strongly positive for LXR␤ were more localized in the II/III layers. There were some positive cells in the layer IV and much fewer stained cells in layer V and VI ( Fig. 1  E and F) . At P14, neurons strongly positive for LXR␤ were localized mainly in the II/III layers. Few positive cells were observed in the other layers of the cerebral cortex ( Fig. 1 G and  H) . A few LXR␤-positive neurons were observed in the subventricular region (SVZ) and ventricular region (VZ) during embryogenesis. There was no observable LXR␤ nuclear staining in the negative controls or in LXR␤ Ϫ/Ϫ mice. These observations indicate that mainly late-born neurons destined to superficial layers strongly express LXR␤.
Abnormality of Cerebral Cortex Development in LXR␤ Mutants. Sagittal sections of E15.5 littermates revealed that brain structures, including the olfactory bulb, cerebral cortex, hippocampus, diencephalon, midbrain, pons, and medulla, were morphologically similar between LXR␤ Ϫ/Ϫ and WT mice. At later stages of embryogenesis and in neonates, however, differences between LXR␤ Ϫ/Ϫ and WT brains were readily discernible. Compared with the brains of WT mice at E18.5 and P2, the LXR␤ Ϫ/Ϫ mouse brains were visibly smaller ( Fig. 2 A and B) .
The layered structure of the cerebral cortex was examined in embryos at various stages of gestation and postnatal stages. At E14.5 and E16.5, the earlier stages examined, the histological appearance of the cerebral wall in mutants and their WT littermates was not significantly different ( Fig. 2 C and D) . At E18.5, however, histological differences in the neocortex were readily discernible between mutants and their WT littermates; in the mutants the CP appeared disorganized and thinner ( Fig. 2 E  and F) . At P2 (Fig. 2 G-I ) and P14 ( Fig. 2 J-L) , the thinning of the cerebral cortex in LXR␤ Ϫ/Ϫ mice was much more pronounced in layers II/III, which are formed near the end of neurogenesis (23, 24) , whereas the earlier-born, deeper cortical layers were of normal to very slightly increased thickness. The MZ (layer I) was somewhat thicker in LXR␤ Ϫ/Ϫ mice than in WT controls at P14 (Fig. 2L ).
Specific Reduction in Upper Cortical
Layers Caused by LXR␤ Deficiency. To investigate the role of LXR␤ in corticogenesis, the formation of the preplate (PP) in LXR␤ Ϫ/Ϫ mice at E12.5 and SP in E16.5 were examined. The Tuj-1 antibody recognizes class III tubulin and is an early differentiated neuron marker (25) . No gross abnormalities were detected in the expression profiles of Tuj1 between WT and LXR␤ Ϫ/Ϫ brains either at E12.5 ( Fig. 3  A and B) or E16.5 ( Fig. 3 C and D) . Microtubule-associated protein 2B (MAP2B), another marker of early differentiated neurons (26) , was also normal (data not shown), indicating that PP and SP formation occurs normally during early and middle corticogenesis in LXR␤ Ϫ/Ϫ embryos. At E18.5, NeuN-specific staining showed prominently stained upper layers in the WT brains, whereas in LXR␤ mutants, more NeuN-positive neurons were localized in deep layers. At P2, clearly NeuN staining was localized mainly in layers II/III of WT controls (Fig. 3E ), but in LXR␤ Ϫ/Ϫ mice more neurons were localized in layer IV, suggesting migration defects in these mice (Fig. 3F) . The reduction in the number of neurons in the upper cortical layers was confirmed by immunostaining at E18.5 and P2 with antisera to Brn2, a marker of layers II/III and V (27) (Fig. 3 G-J) . Moreover, the reduced Brn2-positive neural population displayed a somewhat disordered distribution in LXR␤ Ϫ/Ϫ mice, suggesting a lamination defect. A relatively normal thickness of the deeper cortical layer at E18.5 and P2 was demonstrated by immunostaining with Tbr1, which is a marker for cortical layer VI (28) . Although the thickness of layer VI appeared to be normal in the LXR␤ Ϫ/Ϫ mice, there was a moderate but consistent increase in the density of Tbr1 neurons (Fig. 3 K-O) . A lamination defect specifically in layers II/III of LXR␤ Ϫ/Ϫ mice was also confirmed by double staining with MAP2B and Brn2 [see supporting information (SI) Fig. S1 ].
Cortical Progenitor Cells Were Not Affected in LXR␤ ؊/؊ Mice. The number of cortical progenitor cells over the course of corticogenesis was detected with BrdU pulse labeling. When the embryonic brains were examined 30 min after BrdU administration, approximately equal numbers of BrdU-labeled progenitors were observed in WT and LXR␤ Ϫ/Ϫ mice cortices at E12.5 ( Fig. 4 A and D) , E14.5 ( Fig. 4 B and E) , and E16.5 ( Fig. 4 C and  F) , suggesting that a similar number of progenitor cells are produced in WT and LXR␤ Ϫ/Ϫ mice during the course of corticogenesis.
LXR␤ Is Important for Later-Born Neuron Migration. BrdU birth dating was used to examine whether the abnormalities in cortical layering reflected abnormal neuronal migration. When analyzed at E18.5, neurons labeled at E14.5 in the WT cortex resided in the CP (Fig. 5 A and C) . In LXR␤ Ϫ/Ϫ mice BrdU-positive neurons were disorganized and less numerous in the CP, with more labeled cells remaining in the intermediate zone (IZ) (Fig.  5 B and D) . When BrdU was administered at E16.5, there were fewer cells labeled in the CP in mutants compared with WT littermates (Fig. 5 F and G) . When analyzed in the WT cortex at P14, neurons labeled at E14.5 were in layers II/III and layer IV, with fewer cells in the layer V and VI (Fig. 5 H and J) . In contrast, in LXR␤ Ϫ/Ϫ mice, neurons born at E14.5 were still localized mainly in the deep layers (V and VI) by day P14. There were few cells in layers II/III (Fig. 5 I and K) . When BrdU was administered at E16.5 there were fewer BrdU-labeled cells in the layers II/III in LXR␤ Ϫ/Ϫ mice than in WT littermates (Fig. 5 M  and N) , suggesting that the neurons that are mispositioned are nevertheless able to migrate and reach the appropriate target layers II/III. These data, along with the NeuN and Brn2 immunostaining, suggest that LXR␤ deficiency results in a defect in radial migration in later-born neurons. (Fig. 6B ) appeared similar to that in WT embryos (Fig. 6A) , with many radially distributed processes extending throughout the telencephalic wall. At E16.5, nestin staining in WT controls continued to show many radially distributed processes extending throughout the full thickness of the cerebral hemispheres (Fig. 6C) . In contrast, at E16.5, in LXR␤ Ϫ/Ϫ mice, nestin staining fibers failed to extend through the full thickness of the cerebral wall (Fig. 6D) . At E18.5, in WT mice, substantial numbers of radial glial cell processes were seen extending from the ventricular surface to layer I, where they branched into several endfeet and were organized into a well defined layer (Fig. 6E) . In mutant mice, the number of vertical processes extending through the full thickness of the cerebral cortex and endfeet in layer I were decreased (Fig. 6F) . Neither the number of Cajal-Retzius neurons nor the intensity of their immunostaining for Reelin was affected by the loss of LXR␤ (Fig. 6 G and H) . These data suggest that a disrupted radial glial fiber system contributes to the abnormal radial migration of neurons in LXR␤ Ϫ/Ϫ mice. Nestin is regulated in a cell-cycle-dependent manner during neurogenesis, and Brn2 is a transcription factor essential for the down-regulation of nestin (32) . If nestin filaments do not depolymerize during proliferation, the radial glial processes will fragment. The lower level of Brn2 and the disorganization in the cerebral cortex observed in LXR␤ Ϫ/Ϫ mice may indicate an abnormal regulation of nestin gene expression.
Discussion
In the present study, we demonstrate that LXR␤ expression first appears in the cerebral cortex as early as E14.5. At this age there were a few weakly stained cells localized in the CP. At the end of gestation, LXR␤ was strongly expressed in the CP from E16.5 until E18. prompted us to investigate how LXR␤ might influence cortical development. At early embryonic stages, LXR␤ Ϫ/Ϫ brains appeared relatively normal; however, defects in LXR␤ Ϫ/Ϫ brains were readily discernible at later stages of embryogenesis and in the neonatal period. Furthermore, no gross abnormalities in the generation of neurons were detected by either Tuj1 or MAP2B antibodies at E12.5 or E16.5. The finding that early corticogenesis was not notably affected in LXR␤ Ϫ/Ϫ brains is in good accordance with the fact that LXR␤ was expressed in the CP at later embryonic stages. Nissl staining showed that the CP was thinner in the LXR␤ Ϫ/Ϫ mice at E18.5. At P2 and P14, it is apparent that layers II/III, in particular, are diminished in thickness. Neurons in layers V and VI, which are born at an early embryonic stage and express LXR␤ at lower levels, appeared to be normal in the LXR␤ Ϫ/Ϫ mice. Thus LXR␤ is essential for development of upper layers, and the formation of deep layers is largely independent of LXR␤ signaling. This conclusion is supported by our observation that the layer marked by Brn2 antibody, which normally marks a population of neurons in layers II/III, is substantially narrower and disorganized in LXR␤ Ϫ/Ϫ mice compared with WT mice. The CP grows in an inside-out order, from the innermost layer VI comprising the earliest-born cortical neurons to the outer layer II containing the latest-born neurons (19, 20) . As the cortical neurons are derived from the neocortical ventricular proliferative zone, neurogenesis (between E12 and E17 in mouse) in the cortical ventricular zone progenitors requires a precise timing of cell division (33, 34) . We further demonstrated that approximately equal numbers of BrdUlabeled progenitors were observed in WT and LXR␤ Ϫ/Ϫ mouse cortices between E12.5 and E16.5, suggesting that cortical defects in LXR␤ Ϫ/Ϫ brains are not caused by the production of progenitor cells during the course of corticogenesis. In support of this idea, Tbr1 staining was normal between E12.5 and E16.5 in LXR␤ Ϫ/Ϫ brains.
Between E18.5 and P2, prominently NeuN stained neurons were found in the upper layers of WT brains, whereas in LXR␤ mutants more strongly stained neurons localized in deep layers. This finding indicates that loss of LXR␤ may cause a migration defect in later differentiated neurons. In LXR␤ Ϫ/Ϫ mice, BrdU birth-dating experiments revealed that migration of later-born neurons (exposed to BrdU at E14.5 and E16.5) to upper layers was retarded, because more labeled cells were found in deep layers. These results suggest that radial migration was altered in LXR␤ Ϫ/Ϫ mice.
It is well known that the cells destined to layers V and VI are early-generated neurons that start to migrate before E14.5, likely using somal translocation to move from the germinal ventricular zone to their definitive positions in the CP. Somal translocation involves movement of neurons toward the surface of the brain independent of radial glial guidance, which occurs through attachment of the neuron's own radial leading process to the surface of the brain and translocation of the cell body upon shortening of the process (35) . This mode of migration may be necessary in the absence of a glial scaffold early in the development of the cortex. By contrast, later-generated neurons destined to superficial cortical layers follow thereafter and may increasingly use radial glia-guided migration (35) (36) (37) . As these late-forming layers are affected in the LXR␤ Ϫ/Ϫ mutant, this fact suggests that late glia-guided migration is controlled by LXR␤ signaling, which is consistent with the finding that in the WT cortex the strongest LXR␤ expression was found in upper cortical layers.
After staining for nestin, an intermediate filament shared by radial glial cells and neuronal precursors (38) , the processes of the radial glial cells in LXR␤ Ϫ/Ϫ mice appeared to be truncated or less organized into radial formations. Such abnormal processes might not be able to provide guidance for migrating neurons. One recent study (32) has demonstrated that nestin is regulated in a cell-cycle-dependent manner during the neurogenesis and Brn2 is a transcription factor essential for the down-regulation of nestin. In combination with Brn2 staining in the cerebral cortex of LXR␤ Ϫ/Ϫ mice, this finding indicates that Brn2 may partly contribute to abnormal regulation of nestin gene expression and then affect fragmentation of glial processes. Cajal-Retzius cells, which secrete reelin, are directly involved in the regulation of the radial glial phenotype, and reeler mutants display a reduction in the extension of radial fibers (39) . The number of Cajal-Retzius neurons and the intensity of their staining for reelin were not altered in the LXR␤ Ϫ/Ϫ mouse cortex, suggesting that the defect in radial glial cells in LXR␤ Ϫ/Ϫ mice was independent of reelin level. Apparently, a disrupted radial glial fiber system contributes to the abnormal radial migration of neurons in LXR␤ Ϫ/Ϫ mice.
The cortical abnormalities described here for LXR␤ Ϫ/Ϫ mice are reminiscent of the defects produced by apolipoprotein E (ApoE) receptor 2 (ApoER2) mutations in mouse in affecting cortical lamination. Because ApoE is an LXR-regulated gene, the role of defects in ApoE signaling in the LXR␤ Ϫ/Ϫ mice has to be considered. In the ApoER2 mutant mice, early-generated layers are formed almost normally, but the formation of superficial, late-generated layers is severely altered. Late-born cells are unable to bypass earlier ones and remain close to the ventricular zone (40) . ApoE is not the only possible pathway through which LXR may regulate neuronal migration. Recently, cross-talk between TGF-␤ and LXR-signaling pathways has been demonstrated (41) . TGF-␤ and LXR agonists have synergistic effects on LXR target genes in mouse embryonic fibroblasts. Both pathways involve the intracellular mediator Smad3 and share a common coactivator protein, RAP250 (41) . Interestingly, in vitro studies have demonstrated that TGF-␤1 might be a novel factor involved in radial glial development and in the integrity of radial glial processes (42) .
In the present study, another function of LXR␤ in the CNS has been uncovered. We have shown that LXR␤ plays an important role in brain development and is essential for cortex lamination and migration of later-born neurons through modulation of radial glial cells. It is likely that LXR␤ modulates radial glial cells through modulating ApoE or TGF-␤ signaling.
Materials and Methods
Animals and Tissue Preparation. The generation of LXR␤ Ϫ/Ϫ mice has been described (9) . Heterozygous mice were used for breeding. The day of vaginal plug detection was designated as E0.5. To obtain embryos, pregnant mice were anesthetized deeply with CO 2 and perfused with PBS followed by 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). Embryos were taken out and put on ice, and brains were dissected and postfixed in the same fixative overnight at 4°C. For the P2 pups and P14 young mice, brains were dissected and postfixed in 4% paraformaldehyde overnight at 4°C. Tails and limbs were removed for genotyping. After fixation, brains were processed for paraffin (5 m) sections.
Preparation of Antibodies to LXR␤. The goat polyclonal LXR␤ antibody is directed against the N-terminal region of mouse LXR␤, amino acids 1-17. IgG was purified by polyethylene glycol precipitation and chromatography on Wharman DE52 cellulose. Preabsorbed antibodies were prepared by incubating LXR␤ antibodies for 12 h at 4°C with LXR␤ protein coupled to activated Sepharose.
Immunohistochemistry. In this study we used Nissl staining to examine the histology of brains with light microscopy. Paraffin sections were deparaffinized in xylene, rehydrated through graded alcohol, and processed for antigen retrieval by boiling in 10 mM citrate buffer (pH 6.0) for 2 min. The sections were incubated in 0.5% H2O2 in PBS for 30 min at room temperature to quench endogenous peroxidase and then incubated in 0.5% Triton X-100 in PBS for 30 min. To block nonspecific binding, sections were incubated in 3% BSA for 1 h at 4°C. For LXR␤ staining, retrieval was improved by incubating the sections with 0.15 units/ml of ␤-galactosidase for 2 h. Sections were then incubated with anti-LXR␤ (1:200), anti-Tbr1 (1:200), anti-NeuN (1:500), anti-
